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Abstract 
    This paper addresses the numerical simulation of a partially transparent, ventilated PV façade designed for cooling in summer 
(by natural convection) and for heat recovery in winter (with the aid of mechanical ventilation). For both configurations, air in the 
cavity between the two building skins (photovoltaic façade and the primary building wall) is heated by transmission through 
transparent glazed sections, and by convective and radiative exchange. First we describe the model for the naturally ventilated 
envelope. Validation of the model and the subsequent simulation of a building-coupled system are then presented, which were 
undertaken using experimental data from the RESSOURCES project (ANR-PREBAT 2007). The dataset comprise measurements 
from a full scale prototype system installed on a real office building in Toulouse, France. Finally the heating and cooling needs of 
a simulated building were calculated and the impact of climatic variations on the system performance was investigated. The PV 
double-skin was found to result in a slight increase in cooling needs for all the French climates considered, whereas the impact of 
the façade on heating needs was found to be not predominant from point of view energetic. 
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1. Introduction 
        If left unchecked, the projected trends in energy consumption may lead to an uncontrolled carbon dioxide 
emission as well as pivotal global warming [1]. Fossil fuel contributes to long-term environmental issues such as acid 
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rain and greenhouse effect [2]. These phenomena are very crucial and become a major environmental concern crisis. 
This eventually integrates severe natural greenhouse gases such as nitrous dioxide, methane, chlorofluorocarbons 
(CFCs) and hydrofluorocarbons (HFCs).  
    At present, the building sector represents ~40% of the total primary energy consumed in the European Union, with 
two-thirds of this demand being due to the heating, ventilation and air conditioning (HVAC) systems. The European 
Directive on the energy performance of buildings (EPBD) encourages the European Union member states to approve 
energy policies that promote the implementation of very low and even close to zero energy buildings [3]. Solar energy 
is one of the environmentally compatible sources of renewable energy. Integrating photovoltaic solar components into 
building façade represents a significant step forward. Photovoltaic (PV) solar collectors represent not only a renewable 
source of electricity, but also a source of collected heat for building heating and cooling by natural or forced 
convection.  
 
Nomenclature 
A area, m²                                                                           Greek symbols: 
Cp specific heat of the air, J/kg/K                                        D             absorption coefficient 
d gap of the channel, m                                                     E              dilatation coefficient 
Dh                  hydraulic diameter of the channel, m                            PVK          PV efficiency 
g             acceleration due to gravity, m/s²                                   U              density of the air, kg/m³ 
hC                              heat transfer coefficient, W/m²/K                                 vW              glazing transmission coefficient 
L            length of the channel, m                                                PVPV DW  effective absorption coefficient 
m          air flow rate, kg/s                                                            Indices: 
Pth           net heat gain, W                                                              a                absorber                                
R            thermal resistance, K.m²/W                                            f                 fluid    
T            temperature, K                                                                v                glazing 
w           width of the collector, m                                                 z                 building 
2. Numerical model of partially transparent ventilated double-skin façade 
2.1. Energy balance for a partially transparent PV envelope  
        A model was developed for a building integrated PV system with a ventilated air gap. In comparison to more 
conventional components (for example, Type 567 of the TRNSYS TESS library [4]) additional phenomena must be 
considered to account for all of the features of a partially transparent double-skin façade. These include taking into 
account transmission through the outer façade, a zonal discretization to allow for temperature variations in surface 
temperatures, a model for mass flow rate and wind effect within the cavity due to natural ventilation. The PV DSF is 
modelled as the composite system of a partially transparent glazed PV absorber, and an air cavity that includes the 
primary wall of the building. The thermal state of the system is driven by incident radiation flux and isothermal 
boundary conditions. After accounting for reflection losses, a portion of the incident radiation falls on PV cells where 
it is absorbed and converted to electricity and heat. The remainder is transmitted to the inner facade. The two facades 
are thermal coupled by a long wave radiation coefficient dependent on the surface temperatures. Convective heat 
transfer is considered between each facade and the air cavity.  
     A zonal thermal model of a PV/T double skin façade was developed comprising PV cells integrated into partially 
opaque glazed façade, with the solution to each zone closely based upon the model by Guiavarch [5]. Fig. 1 presents 
the equivalent resistance network comprising four floating nodes. In terms of energy balance, a key factor is the 
relative coverage of transparency and opaque surfaces, which determines the portion of solar radiation that is 
transmitted. For the model, the façade is pleated and each prism of the façade includes a PV surface 
1S , characterized 
by a transparency factor ξ, and a glazing surface 
2S . This transparency factor is incorporated into the equations of 
energy balance for each node, which are resolved to determine the thermal and electrical performance of the system 
for each zone: 
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Fig. 1. Nodal model of a ventilated PV double-skin façade 
where 
1SG  is the incident solar radiation on 1S , the PV surface and 2SG  is the incident solar radiation on 2S , the glazing 
surface while variable 
r)  is the heat flux by radiation between the two façades.  
    An energy balance on the air flowing through the double-skin façade at any point of each zone shows the following 
relationship: 
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with x  representing the principal axis (vertical distance from the bottom of the cavity) and mT  is the mean fluid temperature by integrating Eq. (5). 
2.2. Estimation of air flow rate under natural convection conditions 
    The total air flow rate in a naturally ventilated cavity can be estimated by performing a single loop analysis of 
buoyancy forces, wind effect (coefficients WC ), frictional losses ( f ), and pressure drops near inlet and outlet ( fK ). 
By this means, Brinkworth et al. [6] proposed the following polynomial equation relating mass flow rate to an imposed 
heat flux, where a stratification parameter SG  was introduced to allow for a non-linear variation in air temperature.  
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where T  is the inclination of the cavity and W  is the wind speed in m/s. Note that a positive wind pressure coefficient 
at the inlet and a negative (suction) one at the exit will enhance the mass flow rate.  
3. Validation of a coupled thermal-aerodynamical model with a RESSOURCES prototype 
     The model was configured to predict the behavior of a full-scale prototype double skin PV facade constructed and 
monitored for the RESSOURCES project, shown in Fig. 2. The installation, comprising a vertically-pleated, glazed 
facade, was fitted to the glazed West-North-West wall of an occupied office building in Toulouse, France [7]. The 
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façade is divided into three separate PV arrays and to reflect this, the instrumentation of surface temperatures and air 
temperature and flow was correspondingly positioned at three levels.  
     A sequence of 9 consecutive days in June was chosen to validate the model. The model was validated by comparing 
measured and calculated air flow rate, the mean air temperature and the PV cell temperatures. Simulated and measured 
air flow rates in June are presented in Fig. 3(a). For most days the simulation agrees with the experiment in magnitude 
and daily variation. 
 
  
Fig. 2. (a) Prototype pleated double skin PV facade designed and constructed for the Ressources project; (b) Single prism element showing PV 
and glazed surfaces; (c) Schematic of the three blocs. 
 
    Upon detailed inspection it is however evident that the simulation fails to predict the high frequency fluctuations 
that are likely caused by wind. Note that during this period in summer, wind speed could briefly reach as high as 12.7 
m/s. Nevertheless the gap between the simulation results and experimental measurements is a little bit more 
pronounced during the night rather than in the day. This is likely to be caused by the building’s inner temperatures 
which are quite significant during this period and the resistance due to the building is dominant too. Another possible 
reason is maybe due to the night sky effect in which the model does not take into consideration of the sky temperature 
when calculating the heat transfer coefficient for convective exchange to the exterior. The maximum difference 
between the simulation results and experimental measurements is 0.4 kg/s during the day, but during night time these 
discrepancies could reach 0.7 kg/s. To accurately evaluate the flow rate induced by chimney effect is very difficult 
and this difficulty may be an explanation of the discrepancy between simulation result and experimental 
measurements. 
 
  
Fig. 3. (a) Comparison of measured and calculated masss flow rate for the first 4 consecutive days in June. A period-10 moving average of data is 
also shown. Wind speed measurements are overlaid; (b) Measured and calculated mean air temperature during summer   
    The temperature profile of the model is compared to the one from the upper bloc of the measure. The simulated 
outlet temperature agrees reasonably well with the measured data, with a maximum temperature of 36°C. As illustrated 
by Fig. 3(b), the model-data errors for mean air temperature are less pronounced than was observed for airflow rate. 
On sunny days and partially cloudy days the model tends to underestimate the mean air temperature when incident 
radiation is greatest. Some of the short timescale differences may be due to instrumental effects of the sampling rate 
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and averaging of sensor values. 
    Overall, by comparing the simulated results with the experimental results we can conclude that the model developed 
in TRNSYS predicts correctly the thermal behavior of the façade but that the prediction of natural convection flows 
in real situation remains an open problem. Nevertheless, the validation study has shown that the present model is 
sufficiently accurate to assess the impact of PV DSF components on buildings during both hot and cold periods. 
4. Integration of the PV envelope model into a full building simulation 
     In this section, we use the model developed above for integration into an office building in renovation. Of the 
different scenarios that can be considered, building renovation was chosen as it is the most restrictive case and the one 
that poses the greatest challenge in terms of energy performance. This corresponds to a case study and strong binding 
energy challenge. The enthalpy gain of the air in the double-skin façade (resulting from the transfer of heat between 
the air in the cavity, the PV double-skin facade and the main wall of the building) is used in this section in order to 
evaluate the ability of heat dissipation and thus cooling in hot seasons (by natural convection) and heat recovery in 
cold seasons (mechanical ventilation). Cooling and heating needs are determined based on the indoor temperature 
levels needed to maintain the interior comfort. During the heating season, the set temperature is maintained at 20°C 
during occupation time and at 17°C in case of vacancy, whereas during the cooling season, the temperature is 
maintained at 26°C during occupation time and at 30°C during vacancy. The weekend is the unoccupied time. The 
objective is to evaluate the double-skin PV façades as components of energy efficient buildings. This model on which 
the glass will be incorporated are defined by the building’s geometry (length x width = 15 m x 15 m), localization 
(more precisely the climate of the location of the building site), building’s orientation, building’s envelope type 
(opaque or semi-transparence) and the energy system. 
     Three configurations were considered: opaque, 70% coverage by PV cells and 50% transparent, and the building 
energy balance was evaluated for different climate zones in France. Energy consumption for heating and cooling 
systems, ventilation and gains by lighting equipment, occupations and hot water were all taken into account. The 
useful thermal energy is the thermal energy created by PV double skin façade that meets the control strategy set for 
the heating of the building (the temperature of the façade is 3°C higher than the outside during occupied time and it is 
3°C higher than that of the building during unoccupied time).   
    
  
Fig. 4. (a) PV production for three different climates in summer; (b) Energy consumption in summer 
        Figures 4 and 5 present the predicted building energy balance during summer and winter seasons respectively. 
In Fig. 4(a), it is obvious that PV power generation is much higher for the opaque PV wall than semi-transparent PV 
wall as the cell density is twice higher for opaque than for the 50% degree of transparency. However we can notice 
that the energy generation for opaque PV wall is not exactly twice bigger than the one with ratio 50%. This is due to 
direct radiation gain through the non-packing area of the semi-transparent PVT wall which leads to less heat 
accumulation in and around the cells. The lower cell temperature results in the increase in PV efficiency. In terms of 
energy generation and cooling needs, the opaque PV wall seems to provide the best solution in summer, although the 
30% transparent solution is similar in terms of energy consumption and may be more advantageous when taking PV 
efficiency into consideration. Meanwhile in winter, we can notice that the impact of degree of transparency depends 
on the climates. In more northern latitude, a partially transparent PV façade is better than the opaque wall in terms of 
energy consumption whereas in Nice, where there are no heating needs during winter for this type of building, the 
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opaque PV wall stays as the most appropriate solution.  
     From both results in summer and winter we can observe that the energy consumption is greater in summer for a 
building with double-skin façade. On one hand, this is due to the high solar transmission through building envelope 
which increases the need for cooling. As a consequence this creates a decrease of heating needs and lighting in the 
total energy consumption. Meanwhile, the energy consumption shows that the degree of transparency gives 
nevertheless a positive effect on the heating needs even though these needs are rather low, compared to the cooling 
needs. It can also be noted that internal heat gains linked to electrical components and occupancy that were modeled 
are quite high because it concerns an office building. Moreover, the temperature which was set for heating was reduced 
in the case of vacancy (nights and week-ends). As a consequence the air pre-heated has a limited interest for this kind 
of buildings. 
 
  
Fig. 5. (a) PV production for three different climates in winter; (b) Energy consumption in winter 
5.  Conclusion 
    This work presented a detailed study of the modelling and design of BIPV/T implemented in a near net-zero energy 
office building in different French climates. Validation with experimental data from a real full-scale system under a 
variety of conditions shows a reasonable agreement with temperatures and mass flow rate in summer although some 
discrepancies could be found during high wind speed and peak radiation. These discrepancies between simulations 
and measurements can partly be attributed to experimental difficulties to properly estimate the natural convection flow 
and in particular the regime of the flow.  
    The initial results for the building-integrated photovoltaic provide an idea of the impact of this component on the 
energy behavior of the building in particular the influence of degree of transparency of the PV. For the office building 
considered here the consumption of heating is not predominant; the choice of degree of transparency is not decisive 
from point of view energetic. On the other hand, the influence is more favorable for this type of building (at highly 
glazed) in hot seasons since that the cooling needs are decreased. This study shows that a BIPV/T system are relevant 
components for near net-zero energy houses and provide significant potential for reducing the cooling needs. In 
anyway for both cases of heating and cooling of a BIPV/T system there are in addition electricity production from the 
PV cells, which does not exist for a conventional building without the double-skin façade. 
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